a2 United States Patent

Cao et al.

US009159346B1

(10) Patent No.: US 9,159,346 B1
(45) Date of Patent: Oct. 13,2015

(54)

(71)

(72)

(73)

")

@
(22)

(62)

(60)

(1)

(52)

(58)

NEAR FIELD TRANSDUCER USING
DIELECTRIC WAVEGUIDE CORE WITH
FINE RIDGE FEATURE

Applicant: Western Digital (Fremont), LLC,
Fremont, CA (US)

Inventors: Jiangrong Cao, Fremont, CA (US);
Michael V. Morelli, San Jose, CA (US);
Hongxing Yuan, San Ramon, CA (US);
Peng Zhang, Pleasanton, CA (US);
Brad V. Johnson, Santa Clara, CA (US);
Matthew R. Gibbons, San Jose, CA
(US)

Assignee: Western Digital (Fremont), LLC,
Fremont, CA (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by O days.

Appl. No.: 14/598,490
Filed: Jan. 16, 2015

Related U.S. Application Data

Division of application No. 14/324,505, filed on Jul. 7,
2014, now Pat. No. 8,953,422.

Provisional application No. 62/010,057, filed on Jun.
10, 2014.

Int. Cl1.

G11B 11/00 (2006.01)

G11B 5/48 (2006.01)

G11B 5/00 (2006.01)

U.S. CL

CPC ... G11B 5/4866 (2013.01); G11B 2005/0021

(2013.01)
Field of Classification Search
None
See application file for complete search history.

Hard Disk
Drive 111

|

(56) References Cited
U.S. PATENT DOCUMENTS

6,016,290 A 1/2000 Chen et al.
6,018,441 A 1/2000 Wu et al.
6,025,978 A 2/2000 Hoshi et al.
6,025,988 A 2/2000 Yan
6,032,353 A 3/2000 Hiner et al.
6,033,532 A 3/2000 Minami
6,034,851 A 3/2000 Zarouri et al.
6,043,959 A 3/2000 Crue et al.
6,046,885 A 4/2000 Aimonetti et al.
6,049,650 A 4/2000 Jerman et al.
6,055,138 A 4/2000 Shi
(Continued)
OTHER PUBLICATIONS

J. N. Casper, etal, “Compact hybrid plasmonic polarization rotator,”
Optics Letters 37(22), 4615 (2012).

(Continued)

Primary Examiner — Thang Tran

(57) ABSTRACT

An apparatus for energy assisted magnetic recording of a
storage disk includes a plurality of dielectric waveguide cores
disposed near an air bearing surface of a magnetic recording
device. Each waveguide core has a fine ridge feature on a first
surface of the waveguide core and configured to receive inci-
dent light energy from an energy source. A near field trans-
ducer (NFT) is formed at the air bearing surface for focusing
light energy received from the waveguide core and transmit-
ting the focused light energy onto the storage disk surface to
generate a heating spot. The NFT includes at least one plas-
monic metal element disposed above the fine ridge features of
the waveguide cores to form an interface for delivering propa-
gating surface plasmon polaritons (PSPPs) to the air bearing
surface. Each fine ridge feature is configured with a width
approximately equivalent to a width of the heating spot.
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NEAR FIELD TRANSDUCER USING
DIELECTRIC WAVEGUIDE CORE WITH
FINE RIDGE FEATURE

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a divisional of U.S. patent application
Ser. No. 14/324,505, filed on Jul. 7, 2014, which claims the
benefit of U.S. Provisional Application Ser. No. 62/010,057
filed on Jun. 10, 2014, both of which are expressly incorpo-
rated by reference herein in their entirety.

BACKGROUND

High density storage disks are configured with layers of
materials that provide the required data stability for storage.
The magnetic properties of the media may be softened when
writing to the disk to assist changing the bit state. Energy
Assisted Magnetic Recording (EAMR) device or Heat
Assisted Magnetic Recording (HAMR) technology provides
heat that is focused on a nano-sized bit region when writing
onto a magnetic storage disk, which achieves the magnetic
softening. A light waveguide directs light from a laser diode
to a near field transducer (NFT). The NFT focuses the optical
energy to a small spot on the target recording area which heats
the magnetic storage disk during a write operation. Inefficien-
cies in the NFT can have a negative impact on the power
budget of the laser diode and the EAMR/HAMR system
lifetime. Higher NFT efficiency allows for lower laser power
demand, relieving EAMR/HAMR system requirement on the
total optical power from the laser source, and results in less
power for parasitic heating of the EAMR/HAMR head result-
ing for improved reliability.

In the NFT, plasmonic metal can be used to interface with
an energized dielectric waveguide for propagating surface
plasmon polaritons (SPPs), which carry out the nano-focus-
ing function beyond the light’s diffraction limit. High quality
plasmonic metals rely on high density free electrons which
have weak mechanical robustness, and are susceptible to
damages caused by thermal or mechanical stresses present in
an EAMR head. Under these stresses, the service lifetime of
the EAMR/HAMR device is limited to NFT failure occurring
at the plasmonic metal part having fine (nano-sized) features,
such as at a ridge or a pin.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of the present invention will now be pre-
sented in the detailed description by way of example, and not
by way of limitation, with reference to the accompanying
drawings, wherein:

FIG. 1 shows a diagram of an exemplary hard disk drive;

FIG. 2 shows a diagram of an exemplary embodiment of a
dielectric waveguide core pair, each waveguide core having a
fine ridge feature to form an interface with a nearby near field
transducer (NFT) element for heat assisted magnetic record-
ing on a storage disk;

FIG. 3 shows a diagram of an alternative exemplary
embodiment with a fine ridge feature on the dielectric
waveguide core being offset from the centerline of the
waveguide core; and

FIG. 4 shows a diagram of an alternative exemplary
embodiment for in which the waveguide core has two fine
ridge features.

DETAILED DESCRIPTION

The detailed description set forth below in connection with
the appended drawings is intended as a description of various
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exemplary embodiments and is not intended to represent the
only embodiments that may be practiced. The detailed
description includes specific details for the purpose of pro-
viding a thorough understanding of the embodiments. How-
ever, it will be apparent to those skilled in the art that the
embodiments may be practiced without these specific details.
In some instances, well-known structures and components
are shown in block diagram form in order to avoid obscuring
the concepts of the embodiments. Acronyms and other
descriptive terminology may be used merely for convenience
and clarity and are not intended to limit the scope of the
embodiments.

The various exemplary embodiments illustrated in the
drawings may not be drawn to scale. Rather, the dimensions
of the various features may be expanded or reduced for clar-
ity. In addition, some of the drawings may be simplified for
clarity. Thus, the drawings may not depict all of the compo-
nents of a given apparatus.

Various embodiments will be described herein with refer-
ence to drawings that are schematic illustrations of idealized
configurations. As such, variations from the shapes of the
illustrations as a result of manufacturing techniques and/or
tolerances, for example, are to be expected. Thus, the various
embodiments presented throughout this disclosure should not
be construed as limited to the particular shapes of elements
illustrated and described herein but are to include deviations
in shapes that result, for example, from manufacturing. By
way of example, an element illustrated or described as having
rounded or curved features at its edges may instead have
straight edges. Thus, the elements illustrated in the drawings
are schematic in nature and their shapes are not intended to
illustrate the precise shape of an element and are not intended
to limit the scope of the described embodiments.

The word “exemplary” is used herein to mean serving as an
example, instance, or illustration. Any embodiment described
herein as “exemplary” is not necessarily to be construed as
preferred or advantageous over other embodiments. Like-
wise, the term “embodiment” of an apparatus or method does
not require that all embodiments include the described com-
ponents, structure, features, functionality, processes, advan-
tages, benefits, or modes of operation.

As used herein, the term “about” followed by a numeric
value means within engineering tolerance of the provided
value.

Inthe following detailed description, various aspects of the
present invention will be presented in the context of an inter-
face between a waveguide and a near field transducer used for
heat assisted magnetic recording on a magnetic storage disk.

FIG. 1 shows a hard disk drive 111 including a disk drive
base 114, at least one rotatable storage disk 113 (e.g., such as
a magnetic disk, magneto-optical disk), and a spindle motor
116 attached to the base 114 for rotating the disk 113. The
spindle motor 116 typically includes a rotating hub on which
one or more disks 113 may be mounted and clamped, a
magnet attached to the hub, and a stator. At least one suspen-
sion arm 108 supports at least one head gimbal assembly
(HGA) 112 that holds a slider with a magnetic head assembly
of' writer and reader heads. A ramp assembly 100 is affixed to
the base 114, and provides a surface for tip of the suspension
arm 108 to rest when the HGA 112 is parked (i.e., when the
writer and reader heads are idle). During a recording opera-
tion of the disk drive 111, the suspension arm 108 rotates at
the pivot 117, disengaging from the ramp assembly 100, and
moves the position of the HGA 112 to a desired information
track on the rotating storage disk 113. During recording, the
slider is suspended by the HGA 112 with an air bearing
surface of the slider that faces the rotating disk 113, allowing
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the writer head to magnetically alter the state of the storage
bit. For heat assisted magnetic recording, a near field trans-
ducer (NFT) on the air bearing surface may couple light
energy from a waveguide to produce a heating spot on the
rotating disk 113 for magnetically softening the bit space.

FIG. 2 shows a diagram of an exemplary embodiment of an
NFT 200 and waveguide core arrangement. The NFT 200
may be formed by a plasmonic metal element 205, which may
be aligned with the air bearing surface (ABS) 210 of a slider.
The surface of the recording medium 113 (e.g., a rotating
storage disk) is exposed to the ABS 210. As the slider flies
over the recording media 113, a cushion of air is maintained
between the slider and the disk. In this embodiment, two
dielectric waveguide (WG) cores 211, 212 are arranged to
each carry light energy toward the ABS 210. The light energy
may be generated by a common laser diode source (not
shown) that may be split in half by a splitter (not shown). The
dielectric waveguide cores 211, 212 may be of equal length to
ensure that the combined energy wave at the ABS 210 is in
substantial phase alignment for constructive interference and
maximum energy emission to the surface of the recording
medium 113. Alternatively, dielectric waveguide cores 211,
212 may be of unequal length such that the incident energy
waves may have a particular phase difference that optimizes
constructive interference and maximum energy magnitude at
the ABS 210. The two waveguide cores 211, 212 are substan-
tially linear and converge at a junction near the ABS 201 atan
interior angle between 0 and 180 degrees, (e.g., approxi-
mately 90 degrees as shown in FIG. 2).

As shown in FIG. 2, each waveguide core 211, 212 has a
fine ridge feature 201, 202. along the surface of the waveguide
core 211, 212 facing the plasmonic metal element 205. For
illustrative purpose, the plasmonic metal element 205 is
depicted as transparent to reveal the fine ridge features 201,
202 below. The optical energy from the fine ridge feature 201,
202 of the dielectric waveguide cores 211, 212 in proximity
with the plasmonic metal element 205 energizes propagating
surface plasmon polaritons (PSPPs) along the plasmonic
metal surface toward the ABS. The fine ridge feature 201, 202
of the waveguide core 211, 212 may be configured to have a
width substantially less than the width of the waveguide core
211, 212. For example, the ridge feature 201, 202 may be
about 10-70 nm wide compared to waveguide core 211, 212
having a width of about 300-500 nm. Also, the height of the
fine ridge feature may be about 10-70 nm for example.
Because the fine ridge feature 201, 202 is formed on the
dielectric waveguide core 211, 212, which is made of a mate-
rial more robust than plasmonic metal, the reliability and
durability of the NFT 200 may be improved.

The dielectric material of the waveguide core 211, 212 and
the fine ridge feature 201, 202 may be Ta,O5 for example. The
material of the plasmonic metal element 205 may be a gold
alloy, for example. Other examples of plasmonic metals that
may be used to form the metal bar element include silver or
copper alloys. A gap (e.g., 20 nm) may exist between the
plasmonic metal element 205 and the fine ridge feature 201,
202 of the dielectric waveguide core 211, 212. Alternatively,
the gap may be omitted, and the plasmonic metal element 205
may directly contact the fine ridge feature 201, 202, at least
for a portion of the interface between the fine ridge feature
201, 202 and the plasmonic metal element 205. The two
dielectric waveguide cores 211, 212 and the entire plasmonic
metal element 205 may be encapsulated by a silicon oxide
material.

The fine ridge features 201, 202 may be configured as
shown in FIG. 2, converging at a junction above the junction
of the dielectric waveguide cores 211, 212. The junction of
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fine ridge feature 201, 202 may occur on a common plane.
The junction of fine ridge feature 201, 202 may be formed
near at the ABS, with an extension 203 arranged perpendicu-
lar to the ABS 210 as shown in FIG. 2. Alternatively, the ABS
210 may be formed directly at the junction of the fine ridge
features 201, 202, thus eliminating the extension 203. The
precision of the delivered heating spot size at the recording
disk 113 surface may be based on the exposed width of the
fine ridge feature extension 203, or exposed junction 201, 202
at the ABS 210. There may be a direct correspondence
between the width dimension of the exposed fine ridge feature
203 and the heating spot size. Alternatively, other factors may
affect the heating spot size, such as the length of the
waveguide cores 211, 212, which may affect the constructive
interference of the incident light energy at the ABS 210. The
target size of the heating spot on the recording disk 113 is
dependent on the track size as the slider flies over the track,
which may be between 10-70 nm wide for example. The size
of the heating spot also depends on the distance between the
ABS 210 and the disk 113. The focus of the heating spot may
be optimized by minimizing the gap distance.

The thickness of the plasmonic metal element 205 is not a
significant factor in achieving the precise nano-sized heating
spot, and therefore the thickness may be configured according
to providing adequate heat transfer for controlling the peak
temperature in the NFT 200. Also, having the fine ridge
feature 201, 202 of the waveguide core 211, 212 serving as the
energy focusing feature for PSPP activity, may allow the
plasmonic metal element 205 to have relaxed shape and size
requirements (i.e., length and width dimensions) for which a
fine feature is not necessary. The plasmonic metal element
205 configuration is determined by a shape and size necessary
to interact with the fine ridge features 201, 202 (i.e., a foot-
print that covers the fine ridge features 201, 202). As an
example, the size of a semi-circle shaped plasmonic metal
element 205 may be 1000 nm in diameter and greater than 100
nm in thickness. While shown in FIG. 2 as a semi-circle
shape, the plasmonic metal element 205 may be configured in
shapes other than a semi-circle, such as a rectangular or
polygonal block.

The NFT 200 configuration as shown in FIG. 2 having two
fine ridge features 201, 202 serving as PSPP elements may
provide approximately twice as much electrical field magni-
tude compared with a NFT configuration having only a single
fine ridge feature with plasmonic metal element at the ABS
210, driven by a common total input power in the waveguide
system. The constructive interference produced by the two
PSPP elements allows improved efficiency of energy delivery
from the laser diode source, which translates to longer service
life of the EAMR/HAMR device. To optimize the efficiency
of the two PSPP element configuration, each PSPP element
201, 202 is configured with a length L. which is an integer
multiple of coupling length Lc¢ from dielectric waveguide
core to the PSPP element 201, 202 (e.g., for Lc of 1200 nm,
the length of the PSPP element should be about a(1200 nm)
where a is an integer value). With the PSPP element having a
length L. approximately equivalent to al.c ensures that the
maximum energy transter propagates from the PSPP element
201, 202 at the ABS. If the length of the PSPP element
deviates from al_c, some of the energy wave may be lost to the
dielectric waveguide core 211, 212.

The NFT 200 does not have to be limited to two interfering
PSPP elements as shown in FIG. 2. In an alternative embodi-
ment, N (a positive integer) PSPP elements interfere at the
ABS 210, which may provide approximately N times
increase of the electrical field magnitude, driven by a com-
mon total input power in the waveguide system. The value of
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N can increase beyond 2 or 3, until other parasitic interfer-
ences within the three dimensional layout the EAMR head
becomes a limiting factor. For Nz3, the PSPP elements may
be arranged in a three dimensional configuration. The plas-
monic metal element 205 would also conform to a corre-
sponding three dimensional configuration to provide the
PSPP interface with the fine ridge features for the NFT 200.

FIG. 3 shows an alternative exemplary embodiment in
which the fine ridge feature 202 of the dielectric waveguide
core is offset from the centerline of the waveguide core.
Hence, the fine ridge feature 202 may be fabricated with a
deviation from the centerline of the waveguide core 212 and
still interface with the plasmonic metal element 205 for a
functional PSPP interface. In a similar manner, the fine ridge
feature 201 may be formed offset from the centerline of the
waveguide core 211. In this alternative embodiment, the fine
ridge features 201, 202 converge at a junction point near the
ABS 210 as in FIG. 2, either with an extension 203, or at the
ABS 210 without the extension 203.

The number of PSPP elements may vary with respect to the
number of fine ridge features on dielectric waveguide cores.
FIG. 4 illustrates an example where the waveguide core 202
has two fine ridge features 202 disposed side-by-side below
the plasmonic metal element 205.

The various aspects of this disclosure are provided to
enable one of ordinary skill in the art to practice the present
invention. Various modifications to exemplary embodiments
presented throughout this disclosure will be readily apparent
to those skilled in the art, and the concepts disclosed herein
may be extended to other devices. Thus, the claims are not
intended to be limited to the various aspects of this disclosure,
but are to be accorded the full scope consistent with the
language of the claims. All structural and functional equiva-
lents to the various components of the exemplary embodi-
ments described throughout this disclosure that are known or
later come to be known to those of ordinary skill in the art are
expressly incorporated herein by reference and are intended
to be encompassed by the claims. Moreover, nothing dis-
closed herein is intended to be dedicated to the public regard-
less of whether such disclosure is explicitly recited in the
claims. No claim element is to be construed under the provi-
sions of 35 U.S.C. §112(f) unless the element is expressly
recited using the phrase “means for” or, in the case of a
method claim, the element is recited using the phrase “step
for”

What is claimed is:

1. An apparatus for energy assisted magnetic recording of
a storage disk, comprising:

at least one dielectric waveguide core disposed near an air

bearing surface of a magnetic recording device, the
waveguide core comprising a fine ridge feature on a first
surface of the waveguide core and configured to receive
incident light energy from an energy source; and
anear field transducer formed at the air bearing surface for
focusing light energy received from the waveguide core
and transmitting the focused light energy onto the stor-
age disk surface to generate a heating spot, comprising:
at least one plasmonic metal element disposed above the
fine ridge feature of the waveguide core to form an
interface for delivering propagating surface plasmon
polaritons (PSPPs) to the air bearing surface,
wherein the fine ridge feature is configured with a width
approximately within a range of 10-70 nm.

2. The apparatus of claim 1, wherein the interface com-
prises a gap between at least one plasmonic metal element and
the fine ridge feature of the waveguide core.

3. The apparatus of claim 1, further comprising:

at least two dielectric waveguide cores, each of the

waveguide cores comprising the fine ridge feature on the
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first surface of the waveguide core and configured to
receive incident light energy from the energy source,

wherein each of the waveguide cores and corresponding
fine ridge features comprises a first end and a second
end, and

the first ends of all fine ridge features are connected

together at a junction point near the air bearing surface
with at least a portion of the connected fine ridge features
is exposed on the air bearing surface.

4. The apparatus of claim 3, wherein the junction point of
the first ends further comprises a fine ridge feature extension
configured perpendicular to the air bearing surface and
exposed on the air bearing surface.

5. The apparatus of claim 1, wherein the at least one plas-
monic metal element is configured as a single element
arranged to cover the fine ridge feature.

6. The apparatus of claim 5, wherein the at least one plas-
monic metal element is configured having a straight edge
aligned with the air bearing surface.

7. The apparatus of claim 1, wherein the fine ridge feature
is offset from the centerline of the waveguide core.

8. The apparatus of claim 1, wherein the waveguide core
comprises at least two fine ridge features on a common
waveguide core surface.

9. The apparatus of claim 1, wherein the width of the
heating spot is approximately equivalent to a width of physi-
cal space on the storage disk reserved for a single data bit.

10. The apparatus of claim 1, wherein the waveguide core
and the plasmonic metal element are encapsulated by a sili-
con oxide material.

11. The apparatus of claim 1, further comprising at least
three waveguide cores, each having a corresponding fine
ridge feature, wherein the at least three waveguide cores with
corresponding fine ridge features are arranged in a three
dimensional configuration to interface with the at least one
plasmonic metal element at the air bearing surface.

12. A magnetic hard disk drive, comprising:

a rotatable magnetic storage disk;

a laser diode;

at least one waveguide core disposed near art air bearing

surface of a magnetic recording device, the waveguide
core comprising a fine ridge feature on a first surface of
the waveguide core and configured to receive incident
light energy from the laser diode; and

anear field transducer formed at the air bearing surface for

focusing light energy received from the waveguide core
and transmitting the focused light energy onto the stor-
age disk surface to generate a heating spot, comprising:
at least one plasmonic metal element disposed above the
fine ridge features of the waveguide core to form an
interface for delivering propagating surface plasmon
polaritons (PSPPs) to the air bearing surface,

wherein the fine ridge feature is configured with a width

approximately within a range of 10-70 nm.

13. The apparatus of claim 1, wherein the dielectric mate-
rial comprises Ta,Os.

14. The apparatus of claim 1, wherein the fine ridge feature
is formed on the waveguide core being made of a same dielec-
tric material.

15. The apparatus of claim 1, wherein the fine ridge feature
and the at least one plasmonic metal element are in direct
contact for at least a portion of the interface.

16. The apparatus of claim 3, wherein the at least two
waveguide cores are configured with unequal lengths such
that incident light energy waves have a phase difference that
optimizes constructive interference and an energy magnitude
for generating the heating spot on the air bearing surface.
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